ABSTRACT: Carbon nanofibers (CNFs) have attracted significant interest because of their excellent mechanical, electrical, and physical properties. Recent advances in chemical functionalization strategies are anticipated to extend their utility in various applications. In this study, noncovalent methods of CNF functionalization utilizing solution crystallization and precipitation techniques were used to create hybrid nanostructures consisting of CNFs and poly(butylene terephthalate) (PBT). Key to this study is the finding that o-chlorophenol can be used as a suitable solvent to dissolve PBT to generate these nanostructures. PBT crystallization was documented via wideangle X-ray analysis and differential scanning calorimetry and was due to the nucleation effect of the CNFs. The sizes of the PBT crystals could be manipulated by altering the polymer concentration. The solution crystallization and precipitation techniques provide an alternative strategy to alter and control the nanostructure/polymer interface. The resulting nanohybrid structures may potentially find use in a broad range of applications including electronic devices, sensors, and as reinforcing agents in a polymer matrix.
INTRODUCTION
Poly (butylene terephthalate) (PBT) is a semicrystalline engineering thermoplastic polymer with relatively high melting temperature, low glass transition temperature, and fast crystallization rate and is easily shaped using conventional molding methodologies. It is widely utilized in applications ranging from electronics and telecommunication equipment to the automotive industry in both ''under the hood'' and exterior applications. 1 PBT is thus an excellent candidate for use in various nanocomposite applications involving carbon nanofibers (CNFs), in which CNFs are of interest because of their excellent mechanical, electrical, and physical properties that they can impart to polymer systems. [2] [3] [4] [5] [6] [7] [8] Generally, the gains in ultimate physical properties for polymer nanocomposites depend on the state of dispersion of the nanoparticles within the polymeric matrix and the interfacial interactions between the polymer and nanoparticles. [9] [10] [11] [12] [13] To control the interfacial properties between the polymeric matrix and the nanoparticles, various functionalization techniques have been developed, such as covalent [14] [15] [16] and noncovalent functionalization methods. 17 Covalent functionalization strategies typically include an oxidation step where defects are intentionally introduced within the structure to enable sites for further covalent chemistry. The physical properties of the individual carbon nanostructures, including electrical and mechanical properties, have been observed to decrease as a result of covalent functionalization due to the introduction of these defect sites. 18 Such deterioration of properties are not anticipated when noncovalent functionalization methods including solution crystallization, precipitation, and physical vapor deposition are applied. [17] [18] [19] [20] Reports of noncovalent functionalization methods used to create hybrid nanostructures of carbon nanotubes (CNTs) with polyethylene (PE), 21, 22 nylon-6,6, 23 and poly-(ethylene glycol) (PEG) 24 have been reported in the literature.
For the solution crystallization technique, the polymer is crystallized from its solution and the crystals grow epitaxially on the surfaces of the CNTs, generally leading to the formation of nanohybrid shishkebab (NHSKs) structures consisting of a long nanotube in the core (shish) with crystals grown on its surface as kebabs. 21 For example, Haggenmueller et al. 25 used a hot-coagulation technique to crystallize PE in the presence of CNTs to generate a NHSK microstructure, with their results suggesting that this method can be used to produce polymer nanocomposites containing a high loading of nanotubes with the possibility of controlling the nanotubepolymer interface. In another study with poly(vinyl alcohol) (PVA), it was found that nanotubes coated with crystalline PVA resulted in significant improvements in nanocomposite mechanical properties. 26 On the other hand, in the precipitation technique, an antisolvent is used to induce rapid phase separation and crystallization of the polymer from solution. Precipitation techniques involving suitable solvent/ antisolvent combinations have been used to grow polymer crystals on the surface of multiwalled carbon nanotubes (MWNTs) in conjunction with PE, 22, 27 PVA and PEG, 24 fluorinated graft polymers, 28 PVDF, 29 and amorphous polymers like PMMA. 30 Coprecipitation techniques were also applied to modify the surfaces of CNTs with polyhydroxyamide (PHA). 31 With PVDF, it was reported that certain combinations of antisolvent and nanofillers give rise to the formation of the piezoelectric bcrystal structures in PVDF nanocomposites, 4 whereas the a-polymorph of PVDF is preferentially formed in conventional processing techniques. 32 To date, such solution crystallization and precipitation methods for the noncovalent functionalization of carbon nanostructures with PBT have not been reported in the literature, likely due to the difficulties associated with the solubilization of PBT in conventional solvents. Here, the successful creation of hybrid CNF-PBT nanostructures is reported for both solution crystallization and precipitation based noncovalent techniques using the solvent o-chlorophenol. The effects of the processing conditions on the microstructure development of the PBT nanocomposites are also investigated. The resulting nanohybrid structures coated with PBT could find potential use in a broad range of industrial applications, including electronic devices, sensors, and as reinforcing agents in a polymer matrix. 17, 18, 33 
EXPERIMENTAL

Materials
PBT pellets were obtained from Ticona Polymers (Shelby, NC). Vapor-grown CNFs were obtained from Applied Science (Cedarville, OH) (trade name: Pyrograf-III). The diameters of the CNFs were in the 60-150 nm range (mean diameter of 70 nm). The lengths of the CNFs were in the 30-100 lm range. Figure 1 shows a typical scanning electron micrograph (SEM) of the as-received CNFs. The mean bulk density of the as-received CNFs was 1.95 g/ cm 3 . After an extensive solubility study of PBT, ochlorophenol (GC grade >98%), and acetone (HPLC grade >99.9%) were purchased from Sigma-Aldrich (St. Louis, MO) and selected as the solvent and antisolvent, respectively.
As discussed later, both the solution crystallization and precipitation techniques were applied as means to coat the CNFs with PBT crystals. Imaging using polarized light microscopy and SEM, as well as differential scanning calorimetry (DSC) and wide-angle X-ray diffraction analysis (WAXD) techniques, was utilized to characterize the crystallization behavior and the crystal morphology of the resulting hybrid CNF-PBT nanostructures.
Solution crystallization of PBT and CNF-PBT samples
An initial polymer solution (2 wt %) was prepared by dissolving the PBT pellets in o-chlorophenol at 150-160 C for 2 h. A suspension of o-chlorophenol and 0.1 wt % CNF was prepared by ultrasonication for 1 h at room temperature using a Misonix XL-2020 sonicator (100-120 W, amplitude 5). Equal parts of the 0.1% CNF suspension and 2% PBT solution were then mixed at 150-160 C under continuous magnetic stirring for 1 h. The resulting mixture was slowly cooled down to [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] C, after which a few drops of the mixture were placed between glass slides and maintained at this temperature for 24 h. The formed crystals were analyzed under polarized light using a Nikon OPTIPHOT-POL2 optical microscope. To further understand the morphology, the crystallized CNF-PBT solution (prepared by mixing equal parts of 0.1% CNF suspension and 2% PBT solution in o-chlorophenol) was filtered and washed repeatedly with methanol, followed by overnight drying in vacuum oven at 50
C. The dried samples were gold coated and analyzed under SEM (LEO 1550) at 10 kV. Figure 2 shows the procedure used to prepare the PBT-coated CNFs using solution crystallization technique. Pure PBT crystallized under identical conditions was used as a control. The effect of polymer concentration on the crystal size was studied by preparing PBT solutions with differing concentrations of PBT under similar conditions.
Precipitation of PBT and CNF-PBT samples
For the precipitation technique, a PBT solution (2 wt %) was again prepared by dissolving the PBT pellets in o-chlorophenol at 150-160 C for 2 h. A suspension of o-chlorophenol with 0.1 wt % CNF was prepared by ultrasonication at room temperature for 1 h using the Misonix XL-2020 sonicator (100-120 W, amplitude 5) and then mixed with the PBT solution (equal parts) at 150-160 C, with continuous stirring for 1 h. As shown in Figure 3 , the mixture was slowly cooled down to 65-75 C, after which the antisolvent acetone was added (at an antisolvent over the mixture weight ratio of 2.5). This resulted in the formation of graycolored CNF-PBT precipitate. The CNF-PBT precipitate contained approximately 4.8 wt % of CNFs. The precipitate was filtered and washed with acetone to completely remove the o-chlorophenol solvent. Samples of pure PBT precipitate were also prepared using the same solvent/antisolvent method. Precipitate samples were dried in a vacuum oven for 24 h at 50 C followed by SEM microstructural analysis using a LEO 1550 SEM at 10 kV. The samples were sputter coated with gold before SEM analysis.
Thermal analysis and WAXD analysis
To understand the effects of CNFs on the crystallinity and crystallization behavior of the CNF-PBT precipitates, DSC studies were conducted using a TA Instruments (New Castle, DE) DSC model Q100. The DSC samples were heated and cooled between 25 and 250 C at constant heating and cooling rates of 10 C/min (the samples were maintained under isothermal conditions at 25 and 250 C for 5 min before temperature ramping). The onset of melting (T m,o ) and nominal peak melting (T m,p ) temperatures were obtained during heating of PBT from 25 to 250 C. The melting temperature (T m ) of PBT is defined as the highest temperature at which the last trace of crystallinity is revealed upon heating. The onset of crystallization (T c,o ) and nominal crystallization (T c,p ) temperatures were obtained during cooling from 250 C to 25 C. The relative degree of crystallinity was determined as the ratio of the integrated heat of fusion of the sample over the heat of fusion of purely crystalline PBT, i.e., 140 J/g. 34 WAXD analysis was also performed by placing the samples on a quartz sample holder using a Rigaku Miniflex diffractometer in conjunction with a Cu K a radiation source (k ¼ 0.154 nm) operated at 30 kV. In addition, samples of the PBT precipitates and as-received PBT were compression molded using a Carver hot press at 245 C for 5 min to enable comparison and further WAXD analysis. Figure 4 shows the typical polarized light micrographs of the solution-crystallized pure PBT samples with 2% and 5% (by weight) PBT concentrations after 24 h. Upon cooling of the solution of PBT in ochlorophenol, PBT forms birefringent spherulites. Figure 4 also shows that there is an increase of the PBT spherulite size from about 10-15 lm to approximately 70 lm as the PBT concentration increased from 2 to 5 wt %. This increase of the spherulite size is expected on the basis of the greater availability of PBT at higher concentrations. 35 Because the o-chlorophenol solvent has a boiling temperature around 
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C, the evaporation of the solvent in this processing method is minimal and a two-phase system is developed, consistent with the PBT in epoxy study of Nichols and Robertson, 36, 37 in which they found that at relatively high temperatures, the PBT/epoxy system consists of a single-phase liquid (clear solution), but that as the temperature is decreased to below 155 C, phase separation occurs to give rise to PBT spherulites of uniform size. In their work, the average spherulite size was 35 lm. Figure 5 shows typical polarized light micrographs of PBT solution containing CNFs at two different magnifications. PBT crystals with the characteristic Maltese cross patterned structures grown on the surfaces of the CNFs can be clearly observed, with decrease of the PBT crystal sizes presumably occurring due to the heterogeneous nucleation effect (higher nucleation rates give rise to greater number of crystallites). Some crystals of what appears to be pure PBT can also be identified in the solution, indicating that the crystallization would also occur in the absence of the nanofibers. In other works, the polymer concentration and crystallization conditions were shown to affect the morphology generated upon solution crystallization, with a low crystallization temperature favoring homogeneous nucleation and high temperature favoring heterogeneous nucleation. 38 For a detailed understanding of the growth of polymer crystals on the surface of CNFs, SEM analysis was performed on the crystallized samples. Figure 6 shows the SEM micrograph of PBT crystallized on the surface of CNFs (prepared using solution crystallization). The prominent PBT single crystals can be seen to have grown perpendicularly on the surface of CNFs, and the CNFs cannot be seen directly. These structures have been suggested as ''overgrown NHSKs'' by Kodjie et al. 39 They obtained similar overgrown NHSKs during solution crystallization of HDPE in the presence of singlewalled CNTs and suggested that the unique orientation of the polymer lamellae on the surface of nanotubes can lead to an ''open'' morphology. The SEM results obtained for PBT in the presence of CNFs, along with the results obtained with polarized microscopy, confirm that the solution crystallization technique can be used to coat/wrap nanoparticles with PBT.
Earlier work has also demonstrated that micronsized glass fibers can also act as nucleating agents during solution crystallization of a 5% PBT solution in hexafluoroisopropanol (HFIP). 40 The crystal sizes of PBT were observed to decrease because of the incorporation of glass fibers into the polymer solution. Park et al. 41 have also studied the crystallization kinetics as well as nucleation effects of high loadings of glass fibers (30 wt %, 10 lm diameter, approximately 300 lm in length) in PBT dissolved in 10% TFA-CCl 4 (10% trifluoro acetic acid-carbon tetrachloride solution) and found that the filler particles led to an increase of the rate of crystallization. Such heterogeneous nucleation effects have also been noted to occur on nanofiller surfaces during melt as well as solution crystallization of other semicrystalline polymers including PE, nylon-6,6, poly(propylene) (PP), and poly(ethylene naphthalate) (PEN). 21, [42] [43] [44] [45] A decrease in polymer crystal size and an increase in the rate of crystallization have also been observed during various studies performed under shear as well as under quiescent conditions. 43, 44, 46 Precipitation of PBT and CNF-PBT nanostructures Representative SEM micrographs of the 4.8% CNF-PBT precipitates obtained upon the solvent-antisolvent precipitation process are shown in Figure 7 . The polymer precipitation takes place due to the interdiffusion of solvent and antisolvent, with the rate of interdiffusion dependent on the solubility parameters of the solvent and antisolvent used. [47] [48] [49] It has previously been shown that the precipitate morphology depends on the type of solvent, antisolvent, and the presence of nanoparticles. 4 Figure 7(a) shows a SEM micrograph (taken at low magnification) of the PBT-coated CNF precipitate. It can be seen that all CNFs are uniformly coated with PBT, indicating that the heterogeneous nucleation effect is the dominant crystallization mechanism under the processing conditions shown in Figure 3 (see also the next section). It should be noted that small PBT crystals also formed upon the addition of the acetone antisolvent into the PBT suspension containing CNFs (not shown). This is due to the rapid rate of polymer precipitation and partial nucleation/growth of the polymer away from the CNF surface, as was also observed by Zhang et al. 24 during precipitation of PEG in the presence of CNTs (using supercritical carbon dioxide as the antisolvent). Li et al. 23 obtained similar heterostructures (CNF in core and polymer crystals grown on its surface) during solution crystallization of nylon-6,6 in the presence of CNFs. Similar structures have been obtained during precipitation of approximately 1.5 wt % PHA solution containing around 30 wt % MWNTs when water was used as an antisolvent. In that work it was observed that the presence of PHA layer on the surface of MWNTs increases the solubility of the nanotubes in polar solvents. 31 Thermal analysis of PBT and PBT coated CNFs prepared using the precipitation technique
The impact of CNFs on the crystallization behavior and crystallinity of 4.8% CNF-PBT precipitate was studied using DSC under quiescent conditions. Figure 8 shows DSC scans of as-received PBT, PBT precipitates, melt-pressed PBT precipitates, and 4.8% CNF-PBT precipitates at a heating and cooling rate of 10 C/min. The melting onset temperature (T m,o ), nominal melting temperature (T m,p ), crystallization onset temperature (T c,o ), nominal crystallization temperature (T c,p ), and degree of crystallinity (X c ) of asreceived PBT, PBT precipitates, CNF-PBT precipitates, and melt-pressed PBT precipitates are given in Table I . Table I shows that a decrease of the onset of melting temperature (T m,o ) occurs in PBT and 4.8% CNF-PBT precipitates in comparison with those of the as-received PBT and melt-pressed PBT precipitates, respectively. The decreases in the onset of the melting temperature T m,o could be associated with the formation of crystalline defects or small size of crystals during precipitation as observed with the WAXD analysis of these samples (as discussed further in the next section). 50, 51 In crystalline polymers, the factors contributing to the reduced melting temperature arise from the finite size of the crystallites, their state of internal perfection, and the interfacial and connecting regions. 52 Since crystallization is conducted at finite rates, the deviations from equilibrium that result manifest themselves in reduced thermodynamic stability and lower melting temperature of the crystallites formed. 50, 52 On the other hand, no significant changes were observed in the nominal melting temperature T m,p and the melting temperature T m of the samples shown in Table I .
Higher crystallinity (X c ) values were observed in the 4.8% CNF-PBT precipitates in comparison with those of the pure PBT precipitate samples (see Table  I ). The increased crystallinity can be attributed to the high surface area and the associated heterogeneous nucleation effect of the CNFs. An increase in crystallinity upon the addition of MWNTs has likewise been observed for other polymers such as PVA 53 and PVDF, 44 whereas a decrease in crystallinity has been observed for poly(ethylene oxide) (PEO) nanocomposites. 54 It appears that the incorporation of the CNTs or nanofibers can either promote or hinder the crystallization process, presumably affected by a number of factors including the molecular weight and short and long chain branch distributions of the macromolecules that can alter crystallinity development within the nanocomposite.
An increase in crystallinity in PBT precipitates (when compared with the as-received PBT and meltpressed PBT precipitates) highlights the important role that the processing history plays on the development of the crystalline morphology of the precipitated PBT. 55, 56 Furthermore, it has been observed that changes in crystallinity can significantly affect various physical properties of the processed polymer sample. 57, 58 In addition, because of the heterogeneous nucleation effect in the presence of CNFs, there is an increase in nominal crystallization temperature (T c,p ) as well as onset crystallization temperature (T c,o ) of 4.8% CNF-PBT precipitates in comparison with pure PBT precipitates processed under similar conditions. An increase in the crystallization temperature of melt-pressed PBT precipitates in comparison with that of as-received PBT might be due to an increase in the nucleation rate as suggested by other studies focusing on the effects of the precipitation technique on the crystallization behavior of semicrystalline polymers. 59, 60 WAXD analysis of PBT and CNF-PBT precipitates prepared using the precipitation technique Figure 9 shows the WAXD patterns of as-received PBT, PBT precipitate, 4.8% CNF-PBT precipitate, and melt-pressed pure PBT precipitate samples. Generally, it has been found that the major peaks of PBT appear at 2y angles of 15. have merged together, with an increase in intensity for the precipitate samples. The broadening of the peaks in the WAXD spectrum can be associated with the reduction of the crystalline order, i.e., an increase of crystalline defects or the reduction of the crystallite sizes. 52 Thus, both the DSC and WAXD results suggest the introductions of imperfections/ defects into the crystalline morphologies and/or the formation of relatively small crystals upon the precipitation process. Similarly, for these samples, the peaks at 23.2 and 25 are broad and appear to be merged together. On the other hand, sharper peaks at 2y angle of 15.8 , 17 .0 , 20.5 , 23.2 , and 25.0 can be seen for the as-received PBT and melt-pressed PBT precipitate samples, suggesting enhanced crystalline order or increase of the crystal size in comparison with the precipitated PBT samples. Thus, the melt-pressing method can be used to reverse the effects of precipitation for the pure PBT samples.
CONCLUSIONS
This work reports the first demonstration of CNFs successfully coated with crystals of the semicrystalline engineering thermoplastic PBT using both solution crystallization and precipitation techniques. An initial solubility study found o-chlorophenol to be a suitable solvent for PBT. NHSK-type CNF-PBT hybrid nanostructures were observed upon the application of the solution crystallization and precipitation methods. The crystal size depends on the concentration of the polymer in the solution. The heterogeneous nucleation mechanism appears to play an important role in the creation of these hybrid nanostructures, and one must carefully select the crystallization conditions such that heterogeneous crystallization is the dominant crystallization mechanism. DSC results indicate a decrease of the Figure 9 WAXD samples of as-received PBT, PBT precipitates, 4.8% CNF-PBT precipitates, and melt-pressed PBT precipitates.
temperature at which the onset of melting occurs, and WAXD results show a broadening of the peaks associated with PBT crystallinity in the WAXD spectrum. These results suggest the introduction of crystalline imperfections/defects or reductions in crystallite sizes upon the relatively fast crystallization conditions experienced by PBT during the precipitation process.
